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a b s t r a c t
Background: In Rwanda, pneumonia and diarrhea are the ﬁrst and second leading causes of death,
respectively, among children under ﬁve. Household air pollution (HAP) resultant from cooking indoors
with biomass fuels on traditional stoves is a signiﬁcant risk factor for pneumonia, while consumption of
contaminated drinking water is a primary cause of diarrheal disease. To date, there have been no large-
scale effectiveness trials of programmatic efforts to provide either improved cookstoves or household
water ﬁlters at scale in a low-income country. In this paper we describe the design of a cluster-
randomized trial to evaluate the impact of a national-level program to distribute and promote the use
of improved cookstoves and advanced water ﬁlters to the poorest quarter of households in Rwanda.
Methods/Design: We randomly allocated 72 sectors (administratively deﬁned units) in Western Province
to the intervention, with the remaining 24 sectors in the province serving as controls. In the intervention
sectors, roughly 100,000 households received improved cookstoves and household water ﬁlters through
a government-sponsored program targeting the poorest quarter of households nationally. The primary
outcome measures are the incidence of acute respiratory infection (ARI) and diarrhea among children
under ﬁve years of age. Over a one-year surveillance period, all cases of acute respiratory infection (ARI)
and diarrhea identiﬁed by health workers in the study area will be extracted from records maintained at
health facilities and by community health workers (CHW). In addition, we are conducting intensive,
longitudinal data collection among a random sample of households in the study area for in-depth
assessment of coverage, use, environmental exposures, and additional health measures.
Discussion: Although previous research has examined the impact of providing household water treat-
ment and improved cookstoves on child health, there have been no studies of national-level programs to
deliver these interventions at scale in a developing country. The results of this study, the ﬁrst RCT of a
large-scale programmatic cookstove or household water ﬁlter intervention, will inform global efforts to
reduce childhood morbidity and mortality from diarrheal disease and pneumonia.
Trial registration: This trial is registered at Clinicaltrials.gov (NCT02239250).
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Environmental contamination at the household level is a major
cause of death and disease among rural populations in low-income
countries. Household air pollution (HAP) contributes to acute lower
respiratory infection in children under ﬁve, and among adults is a
signiﬁcant risk factor for hypertension, ischemic heart disease,
Abbreviations: ARI, acute respiratory infection; CHW, community health
worker; DBSS, dried blood spot samples; HAP, household air pollution; H-PEM,
Harvard Personal Exposure Monitor; ICCM, Integrated Community Case Manage-
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Ministry of Local Government; RCT, randomized controlled trial.
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chronic obstructive pulmonary disease, and lung cancer [14,19,39].
Unsafe drinking water is the leading cause of diarrheal disease [32].
HAP and unsafe drinking water rank 7th and 8th among risk factors
for the global burden of disease [18]. Collectively, pneumonia and
diarrhea are responsible for an estimated 6.9 million deaths
annually [7].
These environmental hazards are common among impov-
erished rural inhabitants of sub-Saharan Africa, the vast majority of
whom cook with biomass fuels on traditional stoves and rely on
unsafe water supplies [9]. In Rwanda, where more than half the
population is living below the poverty line and more than a third in
extreme poverty, 98.1% of rural householders cook with biomass,
mainly on open three-stone ﬁres; and only 7.6% have water on their
premises [30]. After HIV/AIDS, the leading causes of death in
Rwanda are ALRI (20%) and diarrhea (12%) [46].
Despite clear evidence that HAP is an important risk factor for
respiratory and cardiovascular disease, evidence for the health
impact of improved cookstoves that can be deployed at scale
among vulnerable populations is limited [38]. Although trials are
currently underway to explore the effectiveness of various
improved cookstove types, these are all limited scale efﬁcacy trials
[8,17,42]. Further, doubts about the potential of any biomass stove
to achieve WHO indoor air quality targets have shifted much of the
focus to clean cooking fuels such as LPG, ethanol and electricity,
although supply chain limitations currently render these options
impractical in most rural settings [51,54,55].
There is strong evidence that household-based water ﬁlters are
effective in preventing diarrhea [15]. The actual protective effect,
however, is likely to vary by setting, season, and the extent towhich
water is a dominant transmission pathway. As evidence also sug-
gests that even occasional consumption of untreated water vitiates
the potential health impact, correct and consistent use is essential
[10]. The up-front cost of household ﬁlters, together with the need
to establish supply chains for consumables, has limited the extent
to which they have been scaled up among vulnerable populations,
particularly in rural settings. Like improved cookstoves, there has
been no large-scale effectiveness trial to assess the impact of
household water ﬁlters promoted programmatically.
In an effort to reduce the disease burden in rural Rwanda, the
Rwanda Ministry of Health (MOH) partnered with the social en-
terprise DelAgua Health to distribute and promote the use of
improved cookstoves and advanced water ﬁlters to the poorest 25%
of households nationally, beginning in Rwanda's Western Province.
The project, know as “Tubeho Neza” or “Live Well”, earns revenue
through carbon credits under the United Nations Clean Develop-
ment Mechanism (CDM), a program authorized by the Kyoto Pro-
tocol that provides credits to the implementer based on a formula
that includes population coverage and use [22].
Prior to initiation of the Tubeho Neza program, the implementer
ﬁrst undertook a pilot intervention to all 1943 households in 15
rural villages [4]. At this time we conducted a ﬁve-month RCT
among 566 households in three of these pilot villages to assess the
impact of the water ﬁlter on fecal indicator bacteria in household
drinking water and the impact of the stove on ﬁne particulate
mater (PM2.5) in reported cooking areas [56]. Overall, the inter-
vention was associated with a 97.5% reduction in mean fecal indi-
cator bacteria (Williams means 0.5 vs. 20.2 TTC/100 mL, p < . .001)
and a 48% reduction of 24-h PM2.5 concentrations in the cooking
area (0.485 mg/m3 and 0.267 mg/m3, p ¼ 0.005). The reduction
was 37% for those cooking indoors (p ¼ 0.08) and 73% for those
cooking outdoors (p < 0.001) [56].
Based on the results from the pilot study, the RwandaMOH and
the implementer elected to proceed with the roll out of the
intervention throughout Western Province. However, due to
funding constraints, only approximately 100,000 of the 140,000
eligible households in Western Province could be included in the
initial implementation. Consequently, it was decided that receipt
of the program would initially be limited to households within
randomly allocated sectors (groups of villages that generally
correspond with catchment areas for primary-care clinics) within
Western Province, with the remainder of households scheduled to
receive the program the following year. This provided us the
unique opportunity to conduct a population-level RCT to assess
the impact of the program on health outcomes using records
maintained at health facilities and by community health workers
(CHW). In addition, we randomly selected a representative sample
of households (n ¼ 1580) in the control and intervention areas to
conduct intensive data collection in order to assess coverage, use,
environmental exposures, and additional health outcome mea-
sures. This paper provides details on the evaluation of the Tubeho
Neza program, including the design of the study, the study setting
and population, primary and secondary outcomes, and other de-
tails concerning the methods to be followed.
2. Methods
2.1. Setting
The study is located in Western Province, Rwanda, a predomi-
nantly rural province with a total population of roughly 2.5 million
(Fig. 1). TheWestern Province is 87.8% rural, and the main source of
energy for cooking is ﬁrewood (88.6%), followed by charcoal (8.3%).
Most households in Western Province report their main source of
water is from protected sources (26.8% public tap, 39.8% protected
spring/well, 4.5% piped water on premises), although 16.3% of
households obtain from an unprotected spring/well and 9.4% from
surface water [30].
2.2. Study design
The study design is a cluster-randomized trial with sectors
(administratively deﬁned areas containing an average of 40 vil-
lages) as the unit of randomization. Each of the 96 sectors in
Western Province have been randomized to either control or
intervention status (Fig. 1). The primary study outcomes are
diarrhea and acute respiratory infection (ARI) among children
under ﬁve residing in households eligible to receive the program.
Clinician-diagnosed episodes of diarrhea and ARI among all
households in the study area will be assessed from records
maintained by health facilities and village-level CHW health re-
cords that have been made available for use in this study by the
Rwanda MOH.
In conjunction with the assessment of clinical outcomes across
the entire population of program recipients (referred to as the
“sector-level” study), we are conducting intensive data collection in
a random sample of households with children <5 residing in the
study area. This nested design permits examination of outcomes in
addition to thosemaintained in health records, such as intervention
uptake and use and the effect of the intervention on exposure to
HAP and fecally contaminated drinking water. It also permits us to
collect self-reported information on respiratory disease and diar-
rhea (to learn about cases that may not be reported to CHWs and
clinics) and to assess a variety of objective measures related to
health status (e.g. blood pressure, oximetry, inﬂammatory bio-
markers, enteric pathogen antibodies) among household members.
We refer to this intensive data collection in a sample of the larger
RCT population as the “village-level” study in sections to follow in
order to differentiate these efforts from the primary assessment of
outcomes across the entire study population.
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2.3. Eligibility criteria
All households in Western Province designated as Ubudehe
category 1 or 2 were eligible to receive the intervention from the
implementer. Ubudehe category is a government-deﬁned house-
hold economic status classiﬁcation and Ubudehe categories 1 and 2
roughly constitute the poorest 25% of the country. Ubudehe cate-
gory is determined by community members based on
classiﬁcations outlined by the Rwandan Ministry of Local Govern-
ment (MOLG), and households categorized as Ubudehe 1 and 2
receive free medical and other assistance through government
programs [57]. All children <5 in Western Province who reside in
households that are categorized as Ubudehe 1 and 2 are included in
active surveillance of diarrhea and pneumonia cases at local health
centers and by village CHW's. These records are collected by
research staff, in collaboration with the Rwandan MOH, and no
Fig. 1. Map of the study area. Western Province, Rwanda.
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additional contact with the study population is required for the
sector-level study.
2.4. Randomization
The choice of sector as the unit of randomization was made in
collaboration with the program implementers and the Rwandan
MOH. We used a database maintained by the Rwanda MOLG that
contains the Ubudehe categorization of all households (subse-
quently referred to as the 'Ubudehe database') to generate a count of
eligible households in each sector and determined that a 3:1 allo-
cation of intervention to control sectors inWestern Province would
meet the implementer's programmatic goal of reaching approxi-
mately 100,000 households during the initial roll-out of the pro-
gram. Sectors were randomly assigned to intervention and control
arms by the research team using a computer-generated randomi-
zation stratiﬁed by district to ensure equal distribution of the
intervention across the seven districts of Western Province. Neither
the implementers nor the Rwanda MOH were involved in the
randomization process.
Randomization resulted in 72 designated intervention sectors
and 24 designated control sectors, with a total of 97,815 eligible
households in the intervention sectors and 36,152 eligible house-
holds in the control sectors. Sector-level census data [30] indicate
that randomization achieved good balance between the arms in
regards to population-level sociodemographic characteristics, wa-
ter source type, and fuel use (Table 1). It is intended that all eligible
households in the 72 sectors randomly assigned to the intervention
group received the intervention during the Phase 2 implementa-
tion in late 2014, while eligible households in the control sectors
will receive the intervention after the 1-year surveillance period
(Fig. 2).
2.5. Village-level study
2.5.1. Eligibility criteria for village-level study
All villages within the study area (N ¼ 3617) were eligible for
selection as intensive data collection sites, excluding the 10 villages
that were previously included in pilot intervention activities.
Enrollment in this village-level cohort was limited toUbudehe 1 and
2 households with at least one child 4 years of age or younger
residing in the home the majority of the year. We limited enroll-
ment to households with a child 4 years of age in order to ensure
that at least one child per household remained under the age of ﬁve
for the duration of the study. However, at each visit we collect all
outcome data on any additional children present in the household
that are currently under the age of ﬁve.
2.5.2. Sampling strategy for village-level study
The households selected for intensive data collection were
randomly sampled from the study area using a stratiﬁed, two-stage
design of the type commonly used in nationally-representative
surveys in developing countries [45]. Prior to sampling for the
village-level study, we estimated the number of eligible households
in each village in Western Province using data provided by the
Rwandan government and other sources. To ensure that a sufﬁcient
number of eligible households were present in each primary
sampling unit (PSU), each village in the study area containing fewer
than 12 eligible households was randomly paired with a
geographically contiguous village in an iterative process using
geographic information system software. This yielded 2715 PSUs, of
which 2080 consisted of single villages and the remaining 635were
composed of groups of two or more geographically adjacent vil-
lages. We then conducted probability proportional to size random
sampling of PSUs, stratiﬁed by treatment allocation. We
oversampled from the control sectors to yield a 1:1 ratio of inter-
vention to control clusters. This resulted in 87 clusters in each arm,
with 101 villages in the control group and 98 villages in the inter-
vention group. In stage 2, households were sampled from each PSU
in using simple random sampling (Fig. 2). Our target enrollment
was 10 households per PSU. The implementer and the Ministry of
Health are blinded to the identity and location of villages selected
for intensive data collection.
2.5.3. Enrollment in village-level study
Following household selection, trained study staff located the
selected households with the assistance of the village CHW. The
primary point of household contact was the primary cook. In order
for a household to be enrolled into the study, at least one child four
years of age or younger had to reside at the house the majority of
the year, the primary cook had to be 16 years of age or older, and the
primary cook had to give informed written consent. If the primary
cook was not present at a ﬁrst attempted visit of the household,
another visit was attempted the same day and a ﬁnal attempt the
following day. If the selected household was not present in the
village or if contact was unsuccessful after the repeated attempts,
study staff attempted to enroll an alternate household selected by
the ﬁeld supervisor from the list of eligible households in the PSU
using simple random sampling. The ﬁnal sample enrolled in the
village-level study consisted of 1582 households. Baseline data
collectionwas conducted in each household immediately following
enrollment.
2.6. Intervention
The program implementation under study is branded “Tubeho
Neza”whichmeans to “LiveWell” in Kinyarwanda. The Tubeho Neza
program includes the free distribution of the Vestergaard Frandsen
LifeStraw Family 2.0 household water ﬁlter and the EcoZoom Dura
high efﬁciency wood cookstove (Fig. 3) with associated community
and household education and behavior change messaging to all
households in Ubudehe categories 1 and 2 inWestern Province. The
program was implemented by the UK-based social enterprise
DelAgua Health in collaboration with the Rwanda MOH, and is
primarily funded through a pay-for-performance model enabled by
revenues from the generation and sale of carbon credits under the
United Nations Clean Development Mechanism, a program autho-
rized by the Kyoto Protocol. Carbon credits are earned through the
reduction of fuel wood from improved stove efﬁciency and by
reduced levels of boiling under a “suppressed demand” construct
[22]. To earn credits, the implementer must demonstrate actual use
of the intervention hardware through repeated audits one or more
times per year.
Large-scale program activities in Western Province began in
September 2014, and reached over 101,000 households and nearly
458,000 recipients by December 23, 2014. Approximately 820
DelAgua and MOH trained Community Health Workers conducted
community distributions and household education. In community
meetings, CHWs and DelAgua supervisors conducted public health
focused skits and demonstrations, collected household informa-
tion, and distributed the cookstoves and water ﬁlters. Following
distribution, CHWs perform household level education, focusing on
correct and consistent adoption of the products. Educational tools
are utilized including a picture based ﬂipbook and interactive
poster to demonstrate beneﬁts related to health as well as liveli-
hood and environmental beneﬁts. Throughout the lifetime of the
project, CHWs visit households approximately bi-yearly to perform
further household level education activities with on-going com-
munity level engagement. Repair and replacement of products is
managed by DelAgua through district level facilities with problems
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being reported primarily through a dedicated call center phone line
and communications with local ofﬁcials. Further details of the de-
livery of the interventions and associated program activities are
contained in a separate process evaluation paper [5].
2.7. Primary outcomes
The primary outcomes of the sector-level study are the inci-
dence of clinically-reported ARI (all types, severe pneumonia/se-
vere illness and non-severe pneumonia) and diarrhea (including
severe persistent diarrhea, persistent diarrhea and bloody diarrhea)
among children under ﬁve in Ubudehe 1 and 2 categories during the
12 months of follow-up, as deﬁned by the Rwandan Integrated
Community Case Management of Childhood Illness (ICCM) diag-
nostic criteria [36], which are based on the World Health Organi-
zation Integrated Management of Childhood Illness (IMCI) [52].
Outcomes will be identiﬁed from data collected routinely by
health authorities including outpatient and inpatient registers
maintained at health posts, health centers, and district hospitals,
as well as CHW-maintained registers. Together with the Rwandan
MOH, health registers in these health facilities as well as CHW
registers were modiﬁed to include name of the head of household
as well as Mutuelle insurance number of patient or household
member. The Rwanda MOH sent letters to all health facilities in
the study area explaining the modiﬁcation and encouraging
compliance, and study staff have visited every health facility in
order to explain the changes and assess staff ﬁdelity in recording
this information in the clinical registers. To differentiate clinic and
CHW-reported cases among Ubudehe 1& 2 households from those
in other Ubudehe categories, we will use this information to link
health records with a MOLG database containing the Ubudehe
categorization of every household in the study area. Notably, this
is the database that is used by the implementer to determine
household eligibility to receive the intervention. We will also
conﬁrm receipt of the intervention by checking health records in
the intervention sectors against a list of recipient households
provided by the implementer. While health clinicians at health
facilities may not be fully aware of patient Ubudehe status nor
what sectors in their region have received the intervention and so
may be blinded during the health assessment process, CHWs are
aware of the allocation of patients during symptom assessment as
they are based at the village level. At the end of the follow-up
period, non-blinded researchers will screen all health facility
and CHW registers and extract data on cases occurring in eligible
households.
2.8. Secondary outcomes: intensive data-collection households
We deﬁne as secondary outcomes all of those assessed during
intensive data collection in the sample of households enrolled in
the village-level study. We completed a baseline survey in these
households prior to program implementation and are conducting
three follow-up visits, at approximately four-month intervals,
during the 12-month study period. During these visits, we are
assessing the prevalence of caregiver and ﬁeld staff reported diar-
rhea and ARI among all children under ﬁve in the household
(N ¼ 2179), testing household drinking water quality, and evalu-
ating uptake and use of the intervention, as well as collecting
extensive survey data on sociodemographic characteristics, cook-
ing practices, water source and treatment practices, and hygiene
Table 1
Census-derived sociodemographic characteristics, water source type, and fuel use in intervention and control sectors. Western Province, Rwanda, 2012.
Characteristics Intervention (n ¼ 72 sectors) Control (n ¼ 24 sectors)
Mean or count Std dev or % Mean or count Std dev or %
Total population 1,854,751 100.0 616,488 100.0
Female 978,973 52.8 323,821 52.5
Children under ﬁve 280,442 15.1 94,663 15.4
Rural population 1,625,681 87.6 544,246 88.3
Mean people per square kilometresa 691.6 602.5 683.9 392.0
Household socioeconomic characteristics
Mean size of household 4.5 0.3 4.5 0.2
Own house 350,485 85.8 117,668 87.2
Walls e sundried brick 283,030 69.3 95,933 71.1
Walls e wood/mud 92,864 22.7 29,343 21.7
Roof e iron sheets 193,053 47.3 53,279 39.5
Roof e local tiles 211,544 51.8 80,427 59.6
Owns TV 18,870 4.6 5052 3.7
Owns mobile phone 196065 48.0 62,511 46.3
Owns radio 230,630 56.5 75,937 56.3
Household energy use
Main cooking source e charcoal 35,971 8.8 9123 6.8
Main cooking source e wood 360,637 88.3 121,274 89.8
Main lighting source e candle 42,629 10.4 15,065 11.2
Main lighting source e kerosene 148,098 36.3 47,274 35.0
Main lighting source e electricity 51,203 12.5 13,088 9.7
Water source type
Piped to compound 19,315 4.7 5011 3.7
Public tap 111,950 27.4 33,868 25.1
Protected spring/well 157,405 38.5 59,181 43.8
Surface water 39,144 9.6 11,942 8.8
Household sanitation
Toilet type e Private pit latrine 340,813 83.4 116,054 86.0
Toilet type e Shared pit latrine 43,885 10.7 12,747 9.4
Toilet type e Uses bush 6129 1.5 1337 1.0
Rubbish disposal e bush, farm or river 140,101 34.3 39,817 29.5
Note: Census data includes all households in study sectors-i.e. both eligible (Ubudehe 1 & 2) and ineligible (Ubudehe 3 to 6 households.
a Based on mean values in each sector.
Source: Ref. [30] Fourth Population and Housing Census, Rwanda, 2012, Main Indicators Report, Kigali: National Institute of Statistics of Rwanda
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and sanitation practices among all of the households. In addition,
sub-samples of the village-level cohort have been randomly
selected for measurement of personal particulate matter (PM2.5)
exposure, blood pressure, pulse oximetry, expired carbon monox-
ide, inﬂammatory biomarkers, and enteric pathogen antibodies.
Details regarding all of these measures are provided in the sections
following.
2.8.1. Reported diarrhea and ARI
Among all households enrolled in the village-level study, re-
ported data on diarrhea and respiratory symptoms are collected
from the primary caretaker for each child under ﬁve at the time
of the interview that permanently lived in the household. A 7-
day recall period is used for both conditions, with additional
follow-up questions to determine length and severity of illness
Fig. 2. Flow diagram of the study. Note: HH ¼ households; ARI ¼ acute respiratory infection; CO ¼ carbon monoxide.
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in the event of a positive report and to identify cases for which
care was sought at a health facility or from a CWH. Regarding
diarrhea, we use the WHO deﬁnition of three or more loose or
watery stools in 24 h [50]. We deﬁne ARI as reported illness with
cough accompanied by rapid breathing or difﬁculty breathing. In
addition, caregivers are asked about other symptoms (fever,
constant cough, blocked/runny nose, wheezing/stridor) in
order to examine the impact of the intervention on speciﬁc
respiratory symptoms and to construct and test more restrictive
deﬁnitions of ARI. Lastly, the primary cook is assessed for re-
ported diarrhea and respiratory symptoms at each visit. Tooth-
ache, unlikely to be related to either intervention device, was
used as a negative control symptom to assess potential reporting
bias [26].
2.8.2. Symptom identiﬁcation using the IMCI methodology
To overcome some of the limitations of the self-reported health
data, ﬁeld staff trained in WHO IMCI methods will assess all chil-
dren between 2 months and 5 years of age for diarrhea and ARI at
baseline and at each follow-up visit. All ﬁeld staff underwent one-
week ofﬁce and clinic-based IMCI training from a Rwanda MOH
community health nurse trainer in diarrhea and ARI sign and
symptom recognition including video for fast breathing, chest
indrawing and stridor. Field staff were also trained on the classiﬁ-
cation of illness severity and the identiﬁcation of children requiring
referral to CHW or health centers. Field staff were instructed to
remove any clothing covering the chest of the child for the
assessment of stridor, chest indrawing and the counting of breaths.
Respiratory rate is measured for oneminute using a timer in a calm,
rested child. Fast breathing is deﬁned as 50 or 40 breaths per
minute or more in children 2e12 months and 1e5 years
respectively.
These staff-assessed signs and symptoms are combined using
IMCI criteria to produce three deﬁnitions of ARI (severe pneumonia
or very severe disease, pneumonia and no pneumonia (cough or
cold) and three deﬁnitions for diarrhea (diarrhea with severe
dehydration, diarrhea with some dehydration and diarrhea with no
dehydration) according to IMCI guidelines.
Additionally, ﬁeld staff assess objective indicators of nutritional
status (mid-upper arm circumference, palmar pallor and edema) in
all children undergoing IMCI assessment. While there is no study
that directly links to cookstove exposure, these nutritional in-
dicators can be affected by both acute and chronic illnesses [4] and
so could be impacted by an intervention targeting diarrheal and
respiratory infections, the most common illnesses among children
under ﬁve in Rwanda.
2.8.3. Cardiovascular function, blood oxygenation and carbon
monoxide exposure
A growing body of evidence indicates that exposure to indoor air
pollution is a major contributor to cardiovascular disease in lowand
middle-income countries [6,18,31]. To assess the impact of the
intervention on cardiovascular function, we are collecting objective
measures of blood pressure among primary cooks in a sub-sample
of 348 households. This includes all households randomly selected
for personal particulate matter exposure measurement (described
below) in 112 total village clusters as well as two additional,
randomly selected households in the 62 other village clusters in our
study. Diastolic and systolic blood pressure is measured using a
validated automated Omron-705CP blood pressure device (Omron
Corp, Tokyo, Japan). After ﬁve minutes of quiet rest, three seated,
consecutive blood pressure measures one-minute apart are taken
according to standard recommendations [58] For all participants
who undergo blood pressure testing, we are collecting data on
previous history and current medication for hypertension, diabetes,
heart disease and kidney disease, diet, physical activity, height,
weight, and waist circumference.
Carbon monoxide is a key product of incomplete combustion
and carboxyhemoglobin (COHb) may therefore be an indicator of
recent exposure to household air pollution. COHb levels
exceeding 2.5% have been deemed unsafe by the WHO, and
excess COHb levels (>5%) are associated with neurobehavioral
factors, impaired vision and decreased alertness [43]. To better
understand the relationship between COHb level and personal
PM2.5 exposure and to assess whether the intervention is asso-
ciated with measurable reductions in COHb, we are measuring
COHb saturation among all participants selected for personal
particulate matter exposure measurement. Pulse oximetry is
used to measure COHb saturation (SpCO), oxygenated hemoglo-
bin (SpO2), and pulse using a Rainbow-SET Rad-57 Pulse CO-
Oximeter (Masimo Inc., Irvine, California, USA). Pulse oximetry
is performed by ﬁeld staff in accordance with manufacturers
recommendations for use.
Expired CO may also be an indicator of recent exposure to
household air pollution [24,31]. In households selected for personal
particulate matter exposure measurement as well as households
selected for blood pressure measurements, expired CO (ppm and %
COHb) is measured using a MicroCO (CareFusion Corp, San Diego,
California, USA). Measurements are conducted outside away from
any smoke sources. Primary cooks and the selected child under ﬁve
are instructed to hold their breaths for as close to 20 s as possible
and exhale for up to 5 s. Given variable ability for primary cooks and
children to hold their breath, the number of seconds is recorded
and may be adjusted for in analyses. In households with personal
exposure monitoring, pulse oximetry and expired CO
Fig. 3. LifeStraw Family 2.0 household water ﬁlter (left) and EcoZoom Dura high-efﬁciency wood cookstove (right).
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measurements are taken directly after the 48-hour exposure
monitoring.
2.8.4. Inﬂammatory biomarkers
Recognizing the potential contribution of biomarker data, there
are increasing calls for biomarker data to be incorporated into
future clean cookstove trials [28,35]. Inﬂammatory biomarkers
related to cooksmoke exposure, ALRI and cardiovascular disease
(including interleukin (IL)-1b, IL-6, IL-8, IL-10, tumor necrosis
factor-alpha (TNF-a) and C-reactive protein (CRP)) will be assessed
among households selected for personal particulate matter expo-
sure, with a target of 2 households per cluster. Enumerators
collected capillary blood on Whatman 903 Protein-Saver cards
(Sigma-Aldrich, St. Louis, MO). These dried blood spot samples
(DBSS) were dried for a minimum of 4 h after collection at room
temperature prior to placing them in sealed plastic bags with
desiccant. Samples remained at room temperature for a maximum
of 7 days before placing them into storage in a 20C freezer [37].
CRP will be measured through ELISA, using paired capture (anti-
CRP monoclonal antibody) and detection antibodies. All other cy-
tokines (IL-1b, IL-6, IL-8, IL-10 and TNF-a), in addition to speciﬁc
cardiovascular disease markers such as sVCAM, sICAM and sCD40L
will be measured through multiplex immunoassay with a dual-
laser FACSCalibur ﬂow cytometer (BD Biosciences, Franklin Lake,
NJ) in Rwanda's National Reference Laboratory. This semi-
quantitative method will yield mean ﬂuorescence intensity (MFI)
values that correlate with the concentration of the cytokines and
disease markers in the blood sample. Analysis of DBSS through ﬂow
cytometry is dependent on validation of this particular multiplex
assay with DBSS.
2.8.5. Enteric pathogen antibodies
Serological assays that assess antibody production against
various enteric pathogens can provide a far more objectivemeasure
of exposure to enteric infections than reported diarrhea or diarrhea
diagnosed using clinical indices in the ﬁeld [16,40] characterized
the age-speciﬁc seroprevalence of antibodies against various
enteric pathogens, such as Escherichia coli, Norovirus, Cryptospo-
ridium parvum and Helicobacter pylori and hepatitis A virus (HAV)
and found the steepest increase in antibody acquisition against
antigens such as E. coli heat-labile enterotoxin (ETEC-LT) and nor-
ovirus capsid proteins between 6 and 18months of age. In addition,
antibody acquisition against C. parvum surface 27kD surface anti-
gen began to increase steadily after 12 months of age, with sero-
prevalence peaking and leveling out around 18e24 months of age.
Together with other studies [11,23,25,44,47] that have demon-
strated marked age-speciﬁc prevalence of antibodies against these
pathogens between 6 and 36 months-old, the appropriate age
range to assess seroconversion against WASH improvements likely
lies within the 6 to 18 month-old age range.
To avoid the inﬂuence of maternal antibodies in our analyses
[40], children no younger than 6 month-old were eligible for this
study. To capture the time period in which children with waning
maternal antibody have not fully weaned, children 6-12 month-old
were enrolled at baseline and had capillary blood drawn by heel-
stick or ﬁngerstick. After 6e9 months of follow up (between June
and September 2015), these children were visited again for a
follow-up capillary blood sample. All blood samples will be pre-
served on TropBio (Sydney, Australia) ﬁlter discs. Seroconversion
against G. intestinalis VSP1-5, C. parvum Cry17 and Cry27, HAV,
E. histolytica lectin adhesion antigen (LecA), enterohemorrhagic
E. coli heat-labile enterotoxin (ETEC-LT), Salmonella lipopolysac-
charide (LPS) Group B and D, norovirus, Campylobacter spp. and
Vibrio choleraewill be compared between intervention and control
groups using multiplex immunoassay technology on the Luminex
xMAP platform, as described by Lammie et al. [59].
2.8.6. Drinking water quality
Drinkingwater samples are tested for thermo-tolerant coliforms
(TTC) at baseline and the ﬁrst two waves of follow-up among all of
the households enrolled in the village-level study. Field staff collect
the water sample from the water container identiﬁed by the
household respondent as being that used mainly for drinking by
children under ﬁve. If this is other than directly from the inter-
vention ﬁlter, a second sample is taken directly from the ﬁlter if it
contained water. All water samples are collected in sterile Whirl-
Pak bags (Nasco, Fort Atkinson, WI) containing a tablet of sodium
thiosulphate to neutralize any halogen disinfectant. Samples are
placed on ice and processed within 6 h of collection to assess levels
of TTC. Microbiological assessment is performed using the mem-
brane ﬁltration technique [1] on membrane lauryl sulphate me-
dium (Oxoid Limited, Basingstoke, Hampshire, UK) using a DelAgua
ﬁeld incubator (Robens Institute, University of Surrey, Guilford,
Surrey, UK). For quality assurance, a negative control and two
replicates are conducted in each batch of analysis.
2.8.7. Personal particulate matter exposure
Within 56 randomly selected intervention and 56 randomly
selected control clusters, two households were randomly selected
to undergo personal particulate matter exposure measurements,
for a target enrollment of 224 households. Based on data from our
pilot studies, we calculate that this sample size is sufﬁcient to
detect a 20% reduction in PM2.5. To participate, the household had
to have a healthy child 1.5e4 years old that could support wearing
the exposuremonitoring equipment which weighed approximately
1 kg, and the primary cook could not be pregnant or a current
smoker.
Personal exposure of the primary cook and child under four to
particulate matter less than 2.5 microns in diameter (PM2.5) is
assessed using integrated gravimetric measurements. The partic-
ulate matter is collected on pre-weighed 37-mm diameter PTFE
Teﬂo ﬁlters with 0.2-mm pore size and support ring (Teﬂo, Pall Life
Sciences, Port Washington, New York, USA), back supported by
Whatman drain disks (Whatman GE Life Sciences, Pittsburgh,
Pennsylvania, USA). During the 48-hour exposure measurement
period, the sample is collected using a Harvard Personal Exposure
Monitor (H-PEM) impactor with a D50 cut of 2.5 mm (BGI, Cam-
bridge, Massachusetts, USA) connected by latex rubber tubing to a
Casella TuffPro™ (Casella Measurement, Bedford, UK) low-ﬂow
pump set to 1.8 litres per-minute ﬂow at one-minute intervals for
48 h. Flow is calibrated in the household immediately before and
after the 48-hour monitoring period using a Challenger (BGI,
Cambridge, Massachusetts, USA).
For both primary cooks and children, the H-PEM containing the
PTFE ﬁlter is afﬁxed within the breathing zone (between chest-
level and mouth) in a diagonal chest strap with a pouch that held
the pump for cooks, and on the shoulder-strap of a small backpack
for children (Fig. 4). Participants are instructed to wear the side-
pouch or backpack at all times for a 48-hour period, except dur-
ing breastfeeding, bathing, sleeping or other activities as necessary,
in which case the monitoring equipment is to be kept within 1
meter of the individual. To assess compliance of wearing the
monitoring equipment, an unannounced spot check approximately
24 h into the monitoring period is conducted. Additionally, a HOBO
Pendant® data logger (Onset, Bourne, Massachusetts, USA) set to
record light sensor readings at a 1-minute resolution is afﬁxed to
the monitoring equipment of cooks and children in order to qual-
itatively assess compliance during daylight hours. After the 48-
hour monitoring period the ﬁlters are kept refrigerated at 4 C or
lower until being processed and post-weighed.
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Filters are weighed before and after deployment at Emory
University. Filters are conditioned inside of their respective petri
dishes overnight in a desiccator (BelArt Products, Wayne, NJ) with
lithium chloride desiccant inside a safety hood for an optimal
temperature of 20e23 C [and relative humidity between 30 and
40%]. Immediately prior to each measurement, each ﬁlter was
passed across an electrostatic bar and placed on a microbalance
(Cole-Parmer). Measurements are stabilized for a minimum of 15 s
and are performed twice for each ﬁlter. In the event that two
measurements differ by more than 5 mg, a third measurement is
taken. The mean of all measurements for any given ﬁlter will be
used for analysis.
2.8.8. Uptake and use
Household uptake and use of the water ﬁlter and improved
cookstove is assessed through a combination of self-report, direct
observation by trained ﬁeld staff, and in randomly selected
households, sensor-recorded observations. At each visit, partici-
pants in the village-level study are asked to identify the main
drinking water container in the household and report on usage and
maintenance of the water ﬁlter. To assess the degree of exclusive
use of the water ﬁlter, respondents are asked to report the fre-
quency of consumption of non-ﬁltered water in and outside the
home. The ﬁeld staff documents whether the water ﬁlter is present
in the home and records potential indicators of use, such as
whether the ﬁlter contained water at the time of the visit, whether
the ﬁlter looked clean, whether it was placed on a convenient place,
or had a cloth on top of it. Similarly, the respondent is asked to
identify all cook stoves ever used in the household and report their
current frequency of use. Objective indicators of use are collected
on each stove, including the current location of the stove, whether
it is in use or warm to the touch, or whether there is presence of ash
or smoke marks on the stove.
In addition to household surveys and observations, which are
known to present risks of reporting bias and cause reactivity [3,53],
adoption and frequency of usage is assessed through the use of
sensor based monitoring in a randomly selected sub-sample of
intervention households for a 30-day period. In the pilot study, we
evaluated the correlation of sensors on these ﬁlters and stoves
against household surveys and found that sensor-collected data
estimated use to be lower than conventionally-collected data both
for water ﬁlters (approximately 36% less water volume per day) and
cook stoves (approximately 40% fewer uses per week) [41].
2.9. Sample size calculation
Sample size calculations for the sector-level study were based
on the two primary outcomes of health center or CHW reported
diarrhea and ARI among children under ﬁve. In accord with
recently published regional and national estimates [33,48,49]), we
assume a baseline diarrhea incidence of 3.1 episodes per child-year
and ARI incidence of 0.42 episodes per child-year among the study
population. Analysis of data from the 2010 DHS survey in Rwanda
suggest that medical care is sought for 32% of diarrhea episodes and
34% of ARI episodes among children in the lowest socioeconomic
quintile inWestern Province, resulting in an estimated incidence of
clinic/CHW reported diarrhea and ARI of 0.99 and 0.14 respectively.
The sector-level intra-cluster correlation coefﬁcients were esti-
mated using simulation [12]. The resulting ICC values were quite
low for both diarrhea (0.01) and ARI (0.004), which was anticipated
given the large average cluster size. With an estimated 59,667
Ubudehe 1 & 2 children under ﬁve in the intervention sectors and
22,052 Ubudehe 1 & 2 children under ﬁve in the control sectors, an
average of cluster size of 851 Ubudehe 1 & 2 children under ﬁve per
sector, 80% power, a 70%match rate of clinic records to the Ubudehe
database, a design effect of 9.5 for diarrhea and 4.4 for ARI, and
a ¼ 0.05 (two-sided test), the sector-level sample size is sufﬁcient
to detect a relative risk difference of 15% for clinician-reported
diarrhea and 20% for clinician-reported ARI.
The sample size for the village-level study target the primary
health outcomes of seven-day period prevalence of caregiver-
reported diarrhea and ARI. Based on survey data from 2010 DHS
Rwanda (13.98% 14-day prevalence of diarrhea among children
under ﬁve in the lowest wealth quintile in Western Province) and
data from our pilot studies (14.2% 7-day prevalence among Ubu-
dehe 1 and 2 children in Western Province), we estimated the
baseline prevalence of diarrhea among children in the control
group to be 12%. In regard to respiratory illness among children in
Western Province, data from the 2010 DHS Rwanda survey indicate
that the baseline prevalence of cough with rapid breathing or dif-
ﬁculty breathing among children under ﬁve in Western province
was 14.34% in the lowest wealth quintile. We chose this deﬁnition
Fig. 4. Personal particulate matter monitoring device worn by primary cooks. Note: HPEM¼Harvard Personal Environmental Monitor, CO ¼ carbon monoxide.
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of ARI (cough with rapid breathing or difﬁculty breathing) as it is
roughly comparable to the clinical deﬁnition of pneumonia (re-
ported illness with cough and observed tachypnea) that is the
standard for health clinics and CHW's in the study area. Similar to
diarrhea, we took a conservative approach relative to the DHS ﬁg-
ures and assume a 12% prevalence of ARI in the control group.
The sample size for the village-level study was selected to
achieve sufﬁcient power to detect clinically signiﬁcant differences
in the prevalence of caregiver-reported diarrhea and ARI. For both
diarrhea and respiratory illness, we calculated the required sample
size necessary to detect a 25% reduction in 7-day period prevalence.
This effect size is both clinically signiﬁcant and consistent with
previous studies examining the impact of household water treat-
ment on diarrhea [60] and improved cook stoves on respiratory
illness [61].
In addition to a baseline prevalence of 12%, our calculation as-
sumes 10 children per village, a total of three post-baseline obser-
vations per child, a within-child (repeated measures) ICC of 0.05, a
within-village ICC of 0.02, 15% loss to follow-up, 80% power, and a
signiﬁcance level a ¼ 0.05 (two-sided test). Estimates of within-
child and within-village correlation are derived from our previous
studies and simulation modeling. Based on these assumptions, we
calculated that we required a minimum of 87 village clusters in
each arm to detect a relative difference in prevalence of 25% or
greater [20].
2.10. Data management and analysis
Clinic data will be extracted from paper-based IMCI, maternity
and outpatient patient registers maintained at public health facil-
ities and entered into a secure digital database. CHW patient-level
datawill be extracted from paper-based sick child encounter forms.
Additionally, individual-level patient identiﬁers and case histories
may be examined in health facility registers and CHW reporting
forms in order to identify Ubudehe category and more fully char-
acterize health outcomes and care-seeking behavior. A smart phone
application is used by ﬁeld-staff to administer the village-level
surveys and data collected in this manner are synced and uploa-
ded to a secure server.
The statistical analysis of all primary health outcomes in the
study will be done on an intention-to-treat basis. Baseline data
analysis will be conducted to characterize the study population and
examine imbalances between treatment arms. The incidence of
health center/CHW reported diarrhea and ARI in the control and
intervention sectors will be compared using random-effects Pois-
son regression to account for the sector-level clustering andmodels
will be adjusted for stratiﬁed randomization by district [21]. The
effect of the intervention on the prevalence of caregiver-reported
diarrhea and ARI in the village-level cohort will be assessed with
mixed-effects log-binomial regression. Secondary outcomes from
the village-level study will analyzed using generalized linear mixed
models with the appropriate link function and distribution family
(e.g. negative binomial for TTC counts). Analyses of the village-level
sample will be adjusted for the multiple levels of clustering
resulting from the study design. Analysis of secondary outcomes
from the intensive data collection households will be conducted on
an intention to treat basis, with per protocol sensitivity analyses.
2.11. Ethics and trial registration
The study has been reviewed by the Ethics Committee of London
School of Hygiene and Tropical Medicine, the Institutional Review
Board of Emory University, and the Rwanda National Ethics Com-
mittee. This trial is registered with Clinical Trials.gov (Registration
No. NCT02239250).
3. Discussion
This research seeks to build on prior and existing research in
multiple ways. First, previous and ongoing trials of HAP are smaller-
scale, research-driven efﬁcacy studies designed to assess the
impact of improved cook stoves under controlled conditions. Our
study is an effectiveness trialda health impact evaluation of an
intervention as actually delivered at scale. Though our results
should be limited to the setting in which it is being delivered, they
should be representative of what can be expected when the
intervention is delivered programmatically.
Second, because Tubeho Neza program is funded through reve-
nue earned through the generation and sale of carbon credits, it
creates a mechanism for the free distribution of improved stoves
and advanced water ﬁlters on a large scale. While both stoves and
ﬁlters have at least a 3-year useful life, they have a comparatively
high up-front cost (estimated $35 for stoves and $40 for ﬁlters by
the time they reach households) that has limited the potential for
governments and others to distribute them without charge to
remote populations. High levels of coverage in a given population
may increase the protective effect of the intervention by reducing
the overall exposure of air pollution and fecal contamination in the
community. This may also translate into a protective effect on non-
adoptersda type of “herd immunity” that has been postulated but
not shown by these environmental interventions.
Third, because carbon credits are awarded on the basis of
intervention use and not just coverage, the implementer has a
strong incentive to optimize use. Such pay-for-performance pro-
grams may address stove “stacking”dthe continued use of tradi-
tional stoves together with the intervention stoveda well-known
problemwith improved stove interventions [29,34]. They may also
increase adherence of household water treatment that is necessary
to achieve health beneﬁts [10,62]. Careful monitoring of actual use
in the village-level sub-study, using self-reports as well as remotely
monitored sensors, should provide strong evidence of patterns of
use over the one-year follow up period.
Fourth, this is the ﬁrst study evaluating the health effects of a
large-scale intervention that combines improved cook stoves and
household water treatment. In this way, the intervention is
addressing pneumonia and diarrhea, the twomajor killers of young
children both in Rwanda and many other low-income countries.
Fifth, while the LifeStraw 2.0 water ﬁlter used in this program
meets the WHO's “most protective” standards [50], the EcoZoom
stove falls below the Tier 3 performance level recommended by the
Global Alliance for Clean Cooking and others. In fact, very few
biomass stoves meet this standard; what is required is the use of
clean fuels such as LPG or electricity [51,52]. Evidence on the per-
formance level of stoves that is necessary to achieve any health
gains is still somewhat limited, however, and modeling does sug-
gest that biomass stovesdespecially those that are portable and
can be used out-of-doorsdare capable of reducing exposure to
levels associated with improvements in health [63]. By assessing
personal level exposure and health outcomes in the village-level
sub-study, we hope to add additional data points on the dose-
response curve and help determine whether biomass stovesdthe
only choice that is available to remote populations that are beyond
the supply chain for clean fuelsdcan not only reduce expenditures
for fuel and green house gas emissions, but also prevent disease.
Finally, our study methods combine a large-scale trial at the
clinical catchment level with a nested trial at the village level. This
allows us to use clinic-based diagnoses of primary and secondary
outcomes, avoiding some of the bias associated with self-reported
conditions and focusing on the more serious cases that present at
clinics. At the same time, the village-level sub-study allows us to
carefully document coverage and use of the intervention, as well as
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their impact on exposure to HAP and fecally contaminated drinking
water.
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